Each of the major neuronal and macroglial cell types in the CNS is derived from neuroepithelial cells of the primitive neural tube (Sauer, 1935) . Single neuroepithelial cells can give rise to mixed clones of neurons, astrocytes, and/or oligodendrocytes (Price and Thurlow, 1988; Vaysse and Goldman, 1990; Williams et al., 199 1; Halliday and Cepko, 1992; Levison and Goldman, 1993) . In the developing CNS, neuroepithelial precursor cells can be identified by the presence of nestin, an intermediate filament protein highly expressed during neurogenesis and subsequently attenuated in mature neurons (Hockfield and McKay, 1985; Lendhal et al., 1990) . However, expression of nestin in neuroepithelial cells during gliogenesis has not been analyzed. Among the different glial cell types, oligodendrocytes are generated during early postnatal development, well after the formation of the neuronal components of the brain and spinal cord, and are thus among the last cell types to arise (Levine and Goldman, 1988; McCarthy and Leblond, 1988; Reynolds and Wilkin, 1988) . Therefore, nestin expression in oligodendrocyte lineage cells could suggest a common precursor for oligodendrocytes and neurons, and/or a common role for nestin during the development of each cell type.
Analyses of CNS precursor cells have been facilitated by procedures to isolate specific cell populations from embryonic tissues and manipulate cells in controlled culture conditions (Gensburger et al., 1987; Temple, 1989; Stemple and Anderson, 1992; Kilpatrick and Bartlett, 1993) . Embryonic CNS precursor cells express nestin and can be expanded by mitogens that act sequentially to generate neurons and glial cells (Deloulme et al., I99 1; Stemple and Anderson, 1992; Vescovi et al., 1993) . Similarly, cell cultures derived from postnatal CNS have been used to analyze oligodendrocyte development (reviewed in Dubois-Dalcq and Armstrong, 1992) . Oligodendrocytes are derived from precursor cells of the germinal matrix zone that migrate to formative white matter regions, differentiate, and then form myelin sheaths. Oligodendrocyte maturation progresses through distinct stages that have been defined by the expression of developmentally regulated antigens. Oligodendrocyte progenitors (O-2A) express GD3 ganglioside, recognized by LBl, as well as other gangliosides recognized by A2B5 monoclonal antibody (Raff et al., 1983; Goldman et al., 1984; Levi et al., 1986) . In vitro, O-2A progenitors can be expanded clonally by growth in platelet-derived growth factor (PDGF) and basic fibroblast growth factor (bFGF) (Raff et al., 1988; Bogler et al., 1990; McKinnon et al., 1990; Gard and Pfeiffer, 1993) . Late progenitors, or pro-oligodendroblasts, can be recognized by the 04 monoclonal antibody (Sommer and Schachner, 198 1; Dubois-Dalcq, 1987; Gard and Pfeiffer, 1990; Warrington and Pfeiffer, 1992) . Mature oligodendrocytes continue to express antigens recognized by 04, while acquiring galactocerebroside immunoreactivity (Raff et al., 1978; Bansal et al., 1989) . Finally, mature oligodendrocytes go on to synthesize additional specific components required for myelin formation (Zeller et al., 1985) .
Determining the Dattern of nestin expression and its regulation during development can provide Important insights-into mechanisms of precursor cell proliferation and lineage commitment. Therefore, we studied nestin mRNA and protein expression in oligodendrocyte lineage cells to correlate nestin regulation with specific developmental stages. We also determined the effect of mitogenic growth factors on the abundance of nestin mRNA transcripts. We extended our analysis to an oligodendrocyte cell line, CG-4, that displays developmental and functional characteristics of cortical O-2A progenitors (Louis et al., 1992a; Patneau et al., 1994; Pende et al., 1994) .
1.5% agarose-formaldehyde denaturing gel, electrotransferred onto Nytran (Schleicher and Schuell, Keene, NH) membranes, cross-linked to the membranes by UV irradiation (Stratalinker, Stratagene, CA), and hybridized with cDNA probes. The following cDNAs were used for random priming with a-"P-dCTP: AvaI internal fragment for nestin (2.2 kb); pT7 18s ribosomal RNA template linearized with Hind III (Ambion,.Austin, TX). Each probe was labeled at approximately IO* com/ua DNA. Blots were hvbridized in 50% formamide at 42°C. washed ai high-stringency with 0.1-x SSC at 60°C and exposed to film for 3-4 d. Nestin and 18s transcripts were quantified using a phosphorimager system (Molecular Dynamics, Sunnyvale, CA).
Immunocytochemistry and count&g of cell cultures. The following primary antibodies were used: LB1 (Levi et al., 1986; Curtiset al., 1988) ; 04 (Sommer and Schachner, 198 1) ; 01 (Sommer and Schachner, 198 1) ; anti-nestin (Tohyama et al., 1992) ; anti-GFAP (Boehringer, Mannheim); and anti-Thy-l (Chemicon Int., Temecula, CA). All secondary fluorochrome-conjugated antibodies were from Cappel-Organon Teknika (Durham, NC). Double indirect immunofluorescence experiments were performed as previously described (Gallo and Bertolotto, 1990) . For staining with antibodies to cell surface components (LB I, 04,O 1, and Thy-I), live cells were incubated for 30 min with primary antibodies diluted in DMEM, followed by fluorescein-conjugated goat anti-mouse (CAM) IgG (for LB1 and anti-Thy-l) or IgM (for 04 and 01) for 20 min. After extensive washing in DMEM, cells were fixed in 4% paraformaldehyde and 0.2% glutaraldehyde (pH 7.4, in PBS) for 15 min, permeabilized in 95% ethanol/5% acetic acid for 10 min, and incubated with anti-nestin polyclonal rabbit antibody (I:1000 in 1% FBS + 0.5% bovine serum albumin) overnight at 4°C. After incubation with goat anti-rabbit (CAR) rhodamine-conjugated IgG + IgM for 30 min, cells were mounted in Vectashield (Vector Laboratories, Burlingame, CA). For double staining with nestin and monoclonal anti-GFAP antibody, cells were fixed and permeabilized as described above, and then incubated with anti-GFAP antibody (1:4), followed by fluorescein-conjuaated CAM IaG. After extensive washes in PBS and incubation with anti-nestin aniibodies overnight at 4"C, cells were incubated with CAR rhodamine-conjugated IgG + IgM, washed, and mounted in Vectashield. Controls for antibody specificity were performed by omitting the primary antibodies in the immunostaining protocols. The immunofluorescence pictures presented are representative of at least three experiments. Both for CC-4 and cortical cultures, cell counts were obtained from three separate experiments. Three coverslips per experiment were analyzed and 5-10 fields per coverslip were counted (80-200 cells/field).
Materials and Methods
Cell cultures. Purified cortical O-2A progenitor cultures were prepared by modifications of previously described methods (Armstrong et al., 1990b : McKinnon et al.. 1990 ). Brieflv, E20-PI Sprague-Dawlev rats were killed by decapitation and their &ices were-removed, mechanically dissociated, suspended in Dulbecco's Modified Eagle's Medium (DMEM; GIBCO-Bethesda Research Labs, Gaithersburg, MD) containing 10% fetal bovine serum (FBS; Hyclone, Logan, UT), and plated in plastic T75 flasks. After I2 d in culture, O-2A progenitor cells growing on top of a confluent monolayer ofastrocytes were detached by overnight shaking (McCarthy and de Vellis, 1980) . Contaminating microglial cells were further eliminated by plating this fraction on plastic culture dishes for 1 hr. The O-2A progenitor cells, which do not attach well to plastic, were collected by gently washing the dishes, replated (I 8-25 x 10' cells/ cm*) onto poly-D-omithine-coated plates (0.1 mg/ml), and cultured in DME-N 1 biotin-containing medium supplemented with 30% B104-conditioned medium (B 104-CM) for l-3 d prior to immunocytochemical staining or harvesting for RNA preparations. Differentiation into oligodendrocytes was promoted by withdrawing the B104-CM and erowine the O-2A uroeenitors for an additional 3-5 d in DME-NI v--~-v medium with 2% FBS. Cortical O-2A progenitors treated with growth factors were cultured up to 3 d and treated every 24 hr with bFGF (10 rig/ml) and PDGF (10 r&ml) (both from Upstate Biotechnology, Inc., Lake Placid, NY). CC-4 cells were cultured as previously described by Louis et al. (1992a) . Briefly, CC-4 progenitor cells were grown on poly-D-omithine-coated dishes in DME-N 1 biotin-containing medium supplemented with 30% B104-conditioned medium. CC-4 cells were passaged (1:3) every 3-4 d. CC-4 cultures enriched in oligodendrocytes or in type 2 astrocytes were obtained from cells grown for 5-8 d in DME-Nl containing 2% or 20% FBS, respectively (Louis et al., 1992a) . Cortical astrocyte cultures were prepared as previously described (McCarthy and de Vellis, 1980) . Briefly, tissue was dissociated with trypsin in the presence of DNase and cells were cultured in DMEM containing 10% FBS (GIBCG-Bethesda Research Labs), 2 mM glutamine, and 2.5 pg'rnl amphotericin B (Funeizone). Cells were mated in T75 flasks and maintained at 37°C Y I in '5% CO, The culture medium was changed every 3 d. Cultures were then shaken overnight to eliminate the majority of oligodendrocyte lineage cells and microglia. Cells were reseeded onto coverslips and used for immunocytochemistry or replated in T75 flasks and harvested for RNA preparations after 14 d in culture. Cultures enriched in different cell types were characterized immunocytochemically by using cell-specific markers (see below). Both in CC-4 and cortical cultures enriched in O-2A progenitors, 90-95% of the cells were LB1 + . In oligodendrocyte-enriched cultures, more than 85% of the cells were 01 + and the remaining cells were 04' . Cell cultures used for immunostaining were grown on glass coverslips precoated with poly-D-omithine.
RNA isolation and Northern blot analysis. Total RNA was isolated from CC-4 cells using the guanidine thiocyanate procedure (Chirgwin et al., 1979) . Total RNA was isolated from cortical O-2A progenitors, oligodendrocytes, and type 1 astrocytes using a single-step procedure (RNAzol B; Tel-test, Friendswood, TX) (Chomczynski and Sacchi, 1987) . RNA samples (15 &lane) were separated by electrophoresis through a For BUdR staining, cells were pulsed with 50 Mm BUdR for 12 hr, fixed in 4% paraformaldehyde for 10 min at room temperature, and incubated with 0.07 N NaOH for 10 min at room temperature. After washing in PBS, cells were fixed in 4% paraformaldehyde for 10 min and permeabilized in 0.2% Triton X-100 in PBS for 10 min. After washing in PBS, cells were incubated with 10% heat-inactivated goat serum for 15 min, with monoclonal anti-BUdR antibodies (1:20; Dako Corp., Carpinteria, CA) for 1 hr, and with fluorescein-conjugated CAM IaG for 30 min. Five coverslips (10 fields per coverslip) were counted from two separate experiments for each culture condition (control without erowth factors. PDGF. bFGF. PDGF + bFGF. B104-CM).
Pk-paration oftikuepriks. Acutely dissociated "touch preparations" of fresh neonatal rodent cerebrum were prepared as described previously with minor modifications in the enzymatic digestion protocol. Postnatal day 3 and day 5 Sprague-Dawley rats were decapitated and their brains were immediately removed, cut into thin coronal slices with a razor blade, and then digested at 37°C for 45 min in 30 U/ml papain (Worthington, Freehold, NJ) in MEM-HEPES with 0.2 mM EDTA (Sigma, St. Louis, MI) and 1 mM cysteine (Sigma). The digested tissue was then transferred to 0.2% ovomucoid (Worthington) in MEM-HEPES for 5 min at room temperature, and then to a solution of 0.2 M CaClz (Sigma). Tissue slices were printed to Cell-Tak (Biopolymers, Inc., Farmington, CT)-coated glass coverslips and immediately fixed with 2% paraformaldehyde for 12 min, so that a monolayer of cells remained attached to the coverslips. The cells were then immunostained (see below).
Preparation oftissue sections. Postnatal day 3 and 7 Sprague-Dawley rats were anesthetized and perfused transcardially with 4% paraformaldehyde as described by Borke et al. (1993) . Midcoronal slices of the brain and transverse slices of cervical spinal cord were immersed in 4% paraformaldehyde overnight at 4°C transferred to 0.5 M sucrose for 24 hr at 4°C and then immersed in OCT embedding medium (Baxter Scientific Products, McGaw Park, IL) prior to freezing onto aluminum 62 . Immunocytochemistry of tissue prints and sections. Double and triple indirect immunofluorescence protocols were adapted from previously described methods (Armstrong et al., 1990a) . All secondary Auorochromes were purchased from Jackson Immunoresearch (West Grove, PA). To immunostain cell surface antigens, fixed tissue-printed cells (see above) were incubated with primary mouse monoclonal IgM antibodies (A2B5, Eisenbarth et al., 1979; 04 or 01, Sommer and Schachner, 1981 ) followed by FITC-or AMCA-conjugated goat anti-mouse IgM, and/or with Ranscht monoclonal IgG3 antibody (RmAb), followed by FITC-conjugated goat anti-mouse IgG3. RmAb recognizes galactocerebroside and an antigen that precedes galactocerebroside (Ranscht et al., 1982; Bansal and Pfeiffer, 1992) . To immunostain intermediate filament proteins, the tissue-printed cells were first permeabilized in 95% ethanol:5% acetic acid for 7 min at -20°C washed three times with MEM containing 10% FBS and three times with PBS, and then incubated with primary antibodies. Polyclonal rabbit antisera against nestin (Tohyama et al., 1992) or against GFAP were visualized with a Cy3-conjugated donkey anti-rabbit IgG antibody. Monoclonal anti-GFAP mouse IgGl antibody (Boehringer, Mannheim) and the monoclonal anti-nestin rat-401 IgGl antibody (Hockfield and McKay, 1985) were visualized with either AMCA-conjugated goat anti-mouse IgG or FITC-conjugated donkey anti-mouse IgG. For each set of immunostains, triplicate tissue prints were examined from each of three independent sets of animals. To quantitate nestin expression in oligodendrocyte lineage cells, all of the 04' cells were counted on coverslips from postnatal day 5 brains (2-4 coverslips per brain from six animals; n = 441 cells).
Tissue sections were immunostained with the same antibodies against nestin and GFAP, which were visualized using the same secondary antibodies listed above for tissue prints. Prior to immunostaining, sections were treated with a solution containing 25% normal rat sera (Jackson Immunoresearch), 0.4% Triton X-100 (Pierce, Rockford, IL), and 100 mM lysine (Sigma) in PBS.
Results
Nestin mRNA expression and regulation in cells of the oligodendrocyte lineage
The expression and regulation of nestin mRNA in O-2A progenitors and oligodendrocytes was studied by Northern blot analysis. When total RNAs isolated from secondary cultures of purified cortical O-2A progenitors or from CG-4 cells were probed with a nestin cDNA fragment, a single 6.2 kb mRNA band was detected (Fig. IA,@ . The same 6.2 kb band previously described for nestin (Lendahl et al., 1990 ) was detected in neonatal rat cerebral cortex RNA (Fig. 1A) . In cortical cultures, nestin mRNA levels were high in proliferating O-2A progenitors, but extremely low in oligodendrocyte cultures (comprised of postmitotic cells, 85% 01' and 15% 04+/01+; (Fig. 1A) . A similar attenuation of nestin mRNA expression was observed in CG-4 cultures. CG-4 cells maintained at the O-2A stage by culturing in the presence of mitogenie factors (i.e., with B 104-CM) expressed high levels of nestin mRNA, which declined in CG-4 cells cultured in the absence of mitogens (more than 85% 01+ oligodendrocytes) (Fig. 1B) . When CG-4 cells were induced to differentiate to GFAP+ type 2 astrocytes, nestin transcript levels were also markedly decreased (data not shown). This downregulation appeared to correlate with the differentiation stage, rather than acquisition of GFAP specifically, since a single 6.2 kb nestin mRNA transcript was identified in rat cortical cultures comprised of approximately 85% GFAP+ type 1 astrocytes (Fig. 1A) .
Since the nestin+ O-2A populations from cerebral cortex and from the CG-4 cell line were cultured in the presence of mitogens, we examined the ability of specific growth factors to regulate the expression of nestin mRNA. PDGF, bFGF, and B 104-CM are potent mitogens for O-2A progenitors (Bogler et al., 1990; McKinnon et al., 1990; Louis et al., 1992a) . In our culture conditions, O-2A progenitors displayed distinctly different morphologies and proliferation rates, dependent upon which growth factor(s) was present in the culture medium, as previously described (Bogler et al., 1990; McKinnon et al., 1990; Louis et al., 1992a; Patneau et al., 1994) . Cell proliferation assays performed with cortical O-2A cells cultured in the presence of different growth factors for 3 d showed the following BUdR labeling indices (percent of total cells labeled with anti-BUdR antibody): 59.8 k 1.7 in cells cultured with PDGF + bFGF, 66.6 Ifr 3.9 in B104-CM; 46.6 f 1.5 in PDGF, 70.2 * 3.0 in bFGF, and 16.4 + 1.7 without mitogens. Figure 2 shows Northern blot analysis of total mRNA isolated from cortical O-2A progenitors cultured for 3 d with different mitogenic factors. Nestin mRNA levels were highest in cells treated with PDGF + bFGF (lane 4) but undetectable or very low in O-2A progenitors cultured without mitogens (lane 1). In cells cultured with PDGF or bFGF alone, nestin mRNA levels were significantly above detection (lanes 2 and 3) , but much lower than those found with the combination of the two growth factors (Fig. 2A) . When O-2A progenitors were exposed to both PDGF and bFGF for 3 d, a more than 60-fold increase was observed in nestin mRNA, compared to cells cultured in the absence of growth factors (Fig.  2B ). In the same experiment, a 23-fold increase was observed in nestin mRNA in O-2A cells cultured in B104-CM for 3 d (data not shown). The time course of the effects of PDGF + bFGF and of B104-CM on nestin mRNA expression showed that the effects of the mitogenic factors were evident after 1 d in culture (data not shown). These experiments demonstrate that nestin mRNA transcripts are abundant in proliferating O-2A cell populations, as measured by BUdR labeling. Nestin mRNA levels are further increased by the synergistic action of PDGF and bFGF, as well as by factors contained in the B104-CM.
Developmental regulation of nestin protein expression: immunocytochemical analysis We used double indirect immunocytochemistry to examine nestin protein expression at various stages of development within the oligodendrocyte lineage. Shortly after plating (2 hr), a large proportion ofcortical O-2A progenitors were clustered in groups of varying sizes. All cells contained in the clusters were stained with anti-nestin antibodies (Fig. 3A) . However, the majority of these cells were not labeled with LB1 (Fig. 3B) , a monoclonal antibody against the GD3 ganglioside, which is commonly used as an O-2A progenitor marker (Goldman et al., 1984 (Goldman et al., , 1986 Levi et al., 1986; Curtis et al., 1988) . These nestin+/LBl-cells were small and round, with little cytoplasm, a phenotype consistent with a pre-0-2A stage (Grinspan et al., 1990; Hardy and Reynolds, 1991) . In separate experiments, cells of this morphology were labeled with an antibody against polysialylated N-CAM (R. C. Armstrong, unpublished observations), which identifies pre-0-2A cells (Trotter et al., 1989) . A substantial proportion of O-2A progenitors had already migrated out from several cell clusters a few hours after plating (Fig. 3A,B) . The vast majority of the migratory O-2A progenitors were nestin+/ LB 1 + (Fig. 3A,B) . When cortical O-2A progenitors were cultured in the presence of mitogenic factors (either B 104-CM or PDGF + bFGF) for 3 d, a small but significant percentage of cells with a bipolar morphology and with a nestin+/LB 1 -phenotype were still present (Fig. 3CJ) . The bipolar morphology of these cells and the intracellular nestin distribution were very similar to those of LB1 +/nestin+ progenitors (see below), except that their processes were typically shorter. The quantitative analysis revealed that 2.1 + 0.3% of cortical O-2A were nestin+ but LB lstill after 3 d in culture.
After 3 d, cortical O-2A progenitors cultured in the presence of B 104-CM were dividing rapidly and displayed a bipolar morphology (Fig. 4A-D) . Both LB1 and anti-nestin antibodies intensely stained these cells (Fig. 4.4-L the protein staining pattern revealed a substantial perinuclear accumulation and a filamentous distribution both in the cell body and in the processes (Fig. 4&D) . A similar staining pattern was observed in O-2A progenitor cells cultured in the presence of PDGT; + bFGF for 3 d (data not shown). Nestin immunoreactivity was only rarely detected in either 04' or 01+ oligodendrocyte lineage cells. Figure 5 shows that, after withdrawal of mitogenic factors for 3-6 d, 04' cells were not stained with anti-nestin antibodies. In the same cultures, the very small number of O-2A progenitors that was still present after several days in culture was intensely stained with anti-nestin antibodies ( Fig.  5B ; see also quantitative analysis below). Similar to our findings with cortical O-2A progenitors, nestin expression was downregulated in CG-4 cells during their maturation (Fig. 6) . CG-4 cells undergo the same morphological and antigenic changes as primary O-2A progenitors during their differentiation into mature oligodendrocytes (Louis et al., 1992a,b; Gallo et al., 1994; Patneau et al., 1994) . Figure 6 shows the transition from bipolar LB 1 + cells to multipolar 04' cells. At early developmental stages, CC-4 cells maintained in B 104-CM were intensely stained with anti-nestin antibodies (Fig. 6A,B) . The nestin intracellular distribution was identical to that observed in cortical O-2A progenitor cells (cf. Fig. 6 and Fig. 4) . Also in CG-4 cultures, a small but significant proportion (7.5 + 2.1%) of bipolar nestin+/LB 1 -cells was present after 3 d in culture. Finally, 04+ cells in CG-4 cultures did not express detectable levels of nestin (Fig. 6C,D) .
A quantitative estimate of the phenotypes comprising the nestin+ cell population demonstrated that, after withdrawal of mitogens, a clear-cut decline in the percentage of nestin+ cells was observed as the oligodendrocyte lineage cells acquired 04 immunoreactivity. Cultures were double immunostained with anti-nestin antiserum and antibodies that labeled oligodendrocytes at different developmental stages. The results obtained both from cultures of cortical oligodendrocyte lineage cells and CG-4 cells are summarized in Figure 7 . In both types ofcultures, more than 99% of LB1 + cells were also nestin+, but this high percentage dropped to 6.5 + 0.7% and 9.5 + 0.8% of 04+ cells in cortical and CC-4 cultures, respectively (Fig. 7A,B) . The percentage of Ol+/nestin+ cells was even lower, 3.8 + 0.6% in cortical and 1.3 ? 0.2% in CG-4 cells (Fig. 7AJ) .
Quantitative analysis of nestin expression relative to cell proliferation was determined by BUdR labeling of cortical oligodendrocyte lineage cells cultured in the presence of PDGF + bFGF for 3 d. Under these culture conditions, the majority of cells are proliferating nestin+ O-2A progenitors. Only 9.7 ? 1.6% of all nestin+ cells did not incorporate detectable levels of BUdR. Under the same culture conditions, a small population of cells acquired 04 immunoreactivity with time in culture. Quantitative analysis of 04+ cells showed that 15 + 2% of all the 04+ cells also expressed nestin, while 28 f 5% of the 04+ cells were BUdR+.
Nestin expression in astrocytes
Primary astrocyte cultures obtained from neonatal rat cerebral cortex were double stained with anti-nestin and anti-GFAP antibodies. At confluency, most of the cells expressed nestin and approximately 85% of the nestin+ cells were also GFAP+ (Fig.  SA,B ). All these nestin+ cells were LB1 -(data not shown) and displayed a polygonal, flat morphology, characteristic of type I astrocytes (Raff et al., 1983; Levi et al., 1986; Curtis et al., 1988; Gallo and Bertolotto, 1990 ). In the cells that expressed nestin and GFAP, the two proteins appeared to be largely colocalized (Fig. SA-F) . In these astrocytes, both nestin and GFAP were organized in a filamentous network that extended from the perinuclear region into the entire cell body. Nestin+/GFAP-cells (approximately 15% of the total nestin+ cells) were also present in these cortical astrocyte cultures and often appeared binuclear (Fig. 80) , presumably reflecting ongoing cell division. In astrocyte cultures stained with anti-Thy-l antibodies (Pruss et al., 1979) , less than 0.5% of the total cells were labeled (data not shown), which indicates that the nestin+/GFAP-cells are unlikely to be fibroblasts. Finally, a small percentage of process-bearing GFAP+ cells was also present in cortical astrocyte cultures (Fig.  8EF ). These cells were also stained with the monoclonal antibody LB 1 (data not shown) and could, therefore, be classified as type 2 astrocytes (Levi et al., 1986; Curtis et al., 1988; Gallo and Bertolotto, 1990) . Interestingly, none ofthe process-bearing, GFAP+ type 2 astrocytes expressed nestin (Fig. 8EJ') .
Early oligodendrocyte lineage cells express nestin in vivo
To determine the extent of nestin expression in oligodendrocyte lineage cells in vivo, we examined immunostained tissue sections and tissue print preparations (Figs. 9, 10 ). Consistent with a previous report (Hockfield and McKay, 1985) , we found that nestin expression in early postnatal spinal cord is limited mainly to radially oriented cells in the midline. Similar results were found in sections of postnatal day 3 and 7 cervical spinal cord immunostained with either the monoclonal or the polyclonal antisera against nestin (see Fig. 9A ). In contrast, at postnatal days 3 and 7 nestin is highly expressed in cells throughout the brain. The majority of nestin+ cells in the brain appear to be radial glial cells that are GFAP+ (Fig. 9B,C) , as previously reported (Hockfield and McKay, 1985) . However, it is difficult in this type of preparation to identify developing oligodendrocyte lineage cells and assess the corresponding nestin expression. Previous studies have demonstrated that the antibodies routinely used to characterize specific developmental stages in the oligodendrocyte lineage in vitro can be problematic when applied in situ. For example, 04 and 01 react with additional antigens in fresh-frozen or live tissue sections, respectively (Sommer and Schachner, 198 1; Warrington and Pfeiffer, 1992) .
To definitively examine nestin expression in vivo at specific stages of oligodendrocyte lineage maturation corresponding to our in vitro analysis, we immunostained cells in tissue print preparations from postnatal day 3 and day 5 rat brain (Fig. 10) . Fresh coronal brain slices were subjected to mild enzymatic digestion before being touched to the surface of a precoated coverslip, which was then immediately fixed in paraformaldehyde. Since the tissue prints are acute preparations, the cells maintain their in vivo antigenic phenotype (Barres et al., 1990; Armstrong, unpublished observations) . As expected from the tissue section analysis (Fig. 10 ) and previous studies (Hockfield and McKay, 1985) the majority of nestin+ cells in the tissue prints were also GFAP+ and appeared to be radial glia, while large cells with a neuronal morphology did not exhibit nestin immunoreactivity (data not shown). However, nestin expression was apparent in oligodendrocyte lineage precursor cells. Cells with a phenotype of O-2A progenitors were identified in the tissue prints as small bipolar or multipolar cells with strong surface A2B5 immunoreactivity (Fig. lOA,B) . These cells consistently contained intracellular fibrils that were immunostained with anti-nestin antibodies (Fig. 1OC) . Late oligodendrocyte progenitors, or pro-oligodendroblasts, were identified in tissue prints as multipolar cells with surface 04 immunoreactivity (Fig. lOD,E) in the absence of RmAb immunoreactivity. Many of these pro-oligodendroblasts also expressed nestin (Fig. 1 OF) . 04 immunoreactivity is maintained as cells mature beyond the pro-oligodendroblast stage. More mature oligodendrocytes acquire galactocerebroside, recognized by RmAb or 0 1. The majority of RmAb+ and 01 + cells, presumably oligodendrocytes, did not contain nestin+ intracellular fibrils (Fig. IOG-I) .
Quantitation of nestin expression in oligodendrocyte lineage cells from tissue prints clearly demonstrated that nestin expression decreases during the pro-oligodendroblast stage, which is consistent with our in vitro findings. In tissue prints from postnatal day 5 rat brains, 50.6 ? 12.9% of the total population of 04' oligodendrocyte lineage cells had already progressed to the RmAb+ stage and were negative for nestin. 04+/RmAb+ cells with detectable nestin immunoreactivity were found only occasionally (4.0 + 3.5% ofall 04' cells). Pro-oligodendroblasts (04+/RmAb-) were either nestin+ (23.8 -t 10.6% of all 04+ cells) or nestin (21.5 ? 4.7% of all 04+ cells). Thus, the majority of the oligodendrocyte lineage cells lose nestin expression during the pro-oligodendroblast stage, and nestin persists only at later stages in a small percentage of cells.
Discussion
The expression of nestin in developing CNS neurons has been previously studied (Hockfield and McKay, 1985; Fredriksen and Lendhal et al., 1990) . In neuroepithelial precursor cells this protein is abundantly expressed, but drastically downregulated in postmitotic, differentiating neurons (Hockfield and McKay, 1985; Lendhal et al., 1990) indicating that regulation of nestin gene expression occurs at critical phases of neural cell development. In glia, however, it is not known how and when nestin expression is regulated during development. We have chosen to examine nestin expression and regulation in a particular subclass of glial cells, the oligodendrocytes. These cells offer the following advantages (reviewed in Dubois-Dalcq and Armstrong, 1992) for analysis of glial cell development: (1) oligodendrocyte progenitors (O-2A) can be purified and cultured under specified conditions that promote their proliferation and/or differentiation; (2) Fig. 1A) and in embryonic rat brain and cerebellum (Lendhal et al., 1990) . This indicates that similar RNA processing occurs in cells of the oligodendrocyte lineage in culture and in vivo. We found a close correlation between nestin mRNA and protein levels in O-2A cells and observed that each of the growth factors that increased nestin mRNA expression also upregulated the protein (see below). The immunostaining pattern obtained in O-2A lineage cells with anti-nestin antibodies was similar to that described in other neural precursor cells (Lendhal et al., 1990; and indicates that nestin is a component ofcytoskeleton in oligodendrocyte lineage cells.
Cells in a pre-0-2A developmental stage have been previously described as highly proliferative cells that express polysialylated neural cell adhesion molecule (N-CAM), but do not express GD3 (Trotter et al., 1989; Grinspan et al., 1990; Hardy and Reynolds, 199 1) . After a few hours in vitro, our cortical cultures comprised several clusters of cells, presumably pre-0-2A, that expressed nestin, but not GD3. In similar culture conditions, these clustered cells also expressed the polysialylated N-CAM (Armstrong, unpublished observations) . After longer culture periods, the majority of nestin+ cells were stained with LB1 anti-GD3 antibody (Fig. 4) or with the A2B5 monoclonal antibody (data not shown), as previously demonstrated by Almazan et al. (1993) . However, a population of nestin+/LBl-cells persisted after 3 d in cultures treated with mitogenic factors (either B104-CM or PDGF + bFGF, Fig. 3 ), possibly indicating that this small pool of cells is capable of self-renewal. When mitogenie factors were used, which also prevented O-2A progenitors from differentiating (Bogler et al., 1990; Hunter and Bottenstein, 1990; McKinnon et al., 1990) , nestin mRNA expression was maintained at high levels (Fig. 2) . It has been previously indicated that the effects of B104-CM on O-2A progenitor proliferation are likely to involve as yet unidentified molecules (Hunter and Bottenstein, 1990) . The mechanism by which growth factors can enhance nestin expression remains to be determined.
Nestin expression is sharply downregulated in 04' oligodendrocyte lineage cells (oligodendroblasts and oligodendrocytes), which have a multipolar morphology and slower proliferation rate (Dubois-Dalcq, 1987; Gard and Pfeiffer, 1990 ). In our cortical cell cultures, only 6% of the total 04+ cells were also nestin+, and in this small cell population both antigens were expressed at low levels, suggesting that this phenotype was transitional between 04-/nestin+ and 04+/nestin-. Nestin mRNA levels are extremely low in cultures containing more than 90% of 04' cells (Fig. 2, lane l) , confirming that the 04 monoclonal antibody identifies the critical developmental stage at which nestin expression is attenuated. In galactocerebroside' (0 1 + ), differentiated oligodendrocytes, nestin expression was restricted to an even lower percentage of cells (Fig. 7) , in agreement with a recent report by Almazan et al. (1993) . Our analysis of nestin expression in tissue sections and tissue prints confirms previous findings by Hockfield and McKay (1985) in radial glia, but also demonstrates that developing oligodendrocyte lineage cells express nestin in situ. In tissue prints, O-2A progenitors (A2B5+ cells) were intensely stained with anti-nestin antibodies, whereas RmAb+ or 0 1 + oligodendrocytes only rarely expressed nestin, in agreement with our findings in cultured cells. This transition from nestin+ to nestin-appeared to occur during the 04+ stage, because 04+/RmAbpro-oligodendroblasts were present as both nestin+ and nestin-phenotypes.
These in situ findings are in agreement with our in vitro results.
The 04' population present in our cultures may be comprised of pro-oligodendroblasts and oligodendrocytes, because 04 recognizes not only the pro-oligodendroblast antigen, but also sulfatide, which is expressed by oligodendrocytes (Bansal et al., 1989) . It should be noted that we also found a small percentage of 04+/nestin+ cells in culture (Fig. 7) . Although we did not attempt to directly identify nestin+ cells as oligodendrocyte precursors in tissue sections, our tissue culture and tissue print analyses indicate that anti-nestin antibodies would label early oligodendrocyte progenitors in vivo. However, nestin expression is not restricted to the oligodendrocyte lineage and is widely expressed relative to PDGF a-receptors and DM-20, which have been reported as markers of early oligodendrocyte lineage cells (Pringle et al., 1992; Timsit et al., 1992) .
The developmental regulation of nestin observed in cortical oligodendrocytes was completely reproduced in the CG-4 cell line. CG-4 cells can be kept in their O-2A state by exposure to Bl04-CM or PDGF + bFGF (Louis et al., 1992a; , and then differentiated into 04+ pro-oligodendroblasts by withdrawing the mitogenic factors. These cells become mature, myelin-synthesizing oligodendrocytes within a few days in culture (Louis et al., 1992a; Tontsch et al., 1994) . CG-4 cells are also very similar to cortical O-2A progenitors and oligodendrocytes in several of their functional properties Patneau et al., 1994; Pende et al., 1994) , and have been shown to retain the migratory and myelinating potential of O-2A progenitors when transplanted in spinal cord of myelindeficient rats (Tontsch et al., 1994) . Similar to cortical oligodendrocytes, nestin is expressed in bipolar CG-4 cells and downregulated in 04' CG-4 cells, both at the mRNA and protein levels. Finally, the significant percentage of nestin+/LBl cells present in CG-4 cultures after a few days in vitro may represent a pool of pre-0-2A cells that is capable of self-renewal in repeatedly passaged cultures.
Nestin mRNA and protein are also expressed in astrocytes (Figs. 1, 8) . The two major subpopulations of astrocytes in culture, type 1 and type 2, proliferate at different rates and, after a few days in culture, only type 1 are still dividing (Wilkin et al., 1983) . In our analysis we did not correlate nestin expression with astrocyte proliferation rate, but nestin appears to be associated with dividing cells, because type 2 astrocytes did not express nestin mRNA (data not shown) or protein (Fig. 8) . The presence of a significant percentage of nestin+/GFAPm type 1 astrocytes suggests that this may represent a dedifferentiated phenotype similar to that found in several CNS tumor cell lines (Tohyama et al., 1992) .
In conclusion, our analysis of nestin expression and regulation in a developmentally well defined glial cell population indicates that nestin is downregulated during the 04+ pro-oligodendroblast developmental stage. In the oligodendrocyte differentiation pathway, cells of this antigenic phenotype correspond to postmigratory oligodendroblasts in vivo (Warrington and Pfeiffer, 1992) . The high levels of nestin expression in actively proliferating O-2A progenitors suggest that this intermediate filament protein may have a similar functional role in glial as well as neuronal progenitors. It is tempting to speculate that nestin may be important to maintain cytoskeletal plasticity and maximal motility of O-2A progenitor cells during their migratory phase. , which is also thought to be involved in growth and remodeling, is similarly downregulated in 04' oligodendroblasts (Deloulme et al., 1990) . However, PDGF and bFGF each similarly enhanced nestin mRNA expression, while only PDGF can induce O-2A progenitor migration (Armstrong et al., 1990b) . Therefore, nestin expression may not be directly involved in migration. Accordingly, our findings are suggestive of a yet to be defined role for nestin in proliferating glial progenitor cells. CG-4 cells should serve as a particularly useful model for further studies of nestin gene regulation (see Lendhal et al., 1990; Dahlstrand et al., 1992; Zimmerman et al., 1994 ) and nestin function.
